Background--Stress-induced cell premature senescence participates in a variety of tissue and organ remodeling by secreting such proteins as proinflammatory cytokines, chemokines, and growth factors. However, the role of cardiomyocyte senescence in heart remodeling after acute myocardial infarction has not been thoroughly elucidated to date. Therefore, we sought to clarify the impact of premature myocardial senescence on postinfarction heart function.
D
espite advances in the treatment of acute myocardial infarction (AMI), many patients still develop progressive heart failure in several years as a result of declining cardiac function. [1] [2] [3] [4] This situation suggests that there are missing pathophysiological mechanisms, which motivates researchers to explore viable strategies to preserve post-AMI cardiac function. Cellular senescence was traditionally defined as the state of irreversible cell cycle arrest after cells reached a maximal number of divisions; this process is termed "replicative senescence." 5 Functionally, it was believed that senescence caused senescence-related functional decline. However, these concepts have been redefined by recent studies. Stressinduced senescence or age-independent premature senescence is used to describe the phenomenon in which various stressors, such as oncogenic events and ionizing radiation, instigate cellular dysfunction. 6, 7 Additionally, it is becoming evident that senescence also exerts beneficial roles in normal embryonic development and tissue repair processes. [8] [9] [10] Mechanically, senescent cells can affect surrounding cells and play active roles in tissue remodeling by secreting such proteins as proinflammatory cytokines, chemokines, and growth factors (senescence-associated secretory phenotype, SASP). 11 GATA-binding factor 4 (GATA4) is required to maintain senescence and SASP. 12 Upon DNA damage response, GATA4 is activated and in turn, initiates the secretion of inflammation factors by activating transcription factor NF-kB. 12 Furthermore, it was verified that GATA4-mediated senescence and secretory phenotype are involved in multiple aging tissues including brain, skin, and liver. 12 In this study, we investigated whether cardiomyocyte senescence participated in post-AMI heart remodeling and whether the underlying mechanism is related to GATA4. CCN family member 1 (CCN1, also known as CYR61) is an important component of SASP and can restrict pathological fibrosis in liver and wound healing. 13, 14 In the heart, ischemia/reperfusion induces CCN1 expression in cardiomyocytes, serving as an autocrine function to mediate the cardioprotective effects. 15 Another study demonstrated that cardiac-specific overexpression of CCN1 possessed antifibrosis effects in cardiac fibrosis, suggesting that CCN1 linked a cardiomyocyte-fibroblast interaction. 10 Considering that pathological fibrosis is vital in AMI-induced heart malfunction, we speculate that cardiomyocyte-derived CCN1 may protect the heart by preventing pathological fibrosis. It was reported that myofibroblast senescence possessed antifibrosis effects in cardiac fibrosis. 10 Moreover, cardiomyocyte senescence is implicated in the myocardial damage caused by doxorubicin and obesity. 16, 17 However, as the primary cell population that constitutes %75% of the myocardium volume, 18 the contribution of cardiomyocyte senescence to heart remodeling has not been thoroughly elucidated to date. Thus, we examined the implication of cardiomyocyte senescence in post-AMI cardiac tissues and the contribution to post-AMI cardiac function, as well as its mechanisms in this study.
Materials and Methods
The authors declare that all supporting data are available within the article and its online supplementary files.
Human Heart Samples
Human left ventricular (LV) samples, which were from deceased donors in Shandong University Qilu Hospital, were separated into ischemic and control groups based on whether coronary atherosclerotic plaques were observed during the autopsy. Senescence-associated-ß-galactosidase (SA-ß-gal) staining was performed on human right atrium samples, while samples from 6 patients who underwent coronary artery bypass graft surgery were included as the ischemic group, and agematched patients undergoing mitral valve replacement surgery were included as the controls. Written consent was obtained before surgery or donation. The study complied with the Declaration of Helsinki and was approved by the Institutional Ethics Committee at the institution.
Mouse AMI Models
Aldehyde dehydrogenase2 (ALDH2) knockout mice (KO) were purchased from Riken Bioresource Center (Ibaraki, Japan) and backcrossed with wild-type C57BL/6 mice from the Department of Experimental Animals of Shandong University (Jinan, China) for 1 year. The mice were kept at a constant temperature with a 12-hour light/dark cycle and free access to standard diet and water. Eight-to 12-week-old male littermate mice were used in the study and randomization was performed. Experimental AMI was produced by ligation of the left anterior descending coronary artery as described previously. 19 All animal experimental procedures were performed under the Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Shandong University. 20 
Diabetes Mellitus and Heart Failure Models
Adult male Wistar rats (200-250 g) were purchased from the Department of Experimental Animals of Shandong University (Jinan, China). The rats were kept at a constant temperature with a 12-hour light/dark cycle and free access to standard diet and water. Streptozocin-induced diabetic
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rats were generated using the method published by our group. 21 The heart failure model was generated by subcutaneous isoproterenol injection once daily for 3 consecutive days (100 mg/kg), while isotonic saline-injected rats served as the control group.
Antibodies and Reagents
The Table S1 .
Cell Culture
Neonatal rat cardiac myocytes and fibroblasts were isolated as previously reported. 22 The senescent cardiomyocyte model was established by culturing neonatal rat cardiac myocytes under hypoxia (1% O 2 , 5% CO 2 , 94% N 2 ) for 10 hours, manifesting as significantly increased SA-b-gal activity. Small interfering RNAs against GATA4 were purchased from GenePharma (Shanghai, China) and transduced into neonatal rat cardiac myocytes with Lipofectamine 3000 (Thermo Fisher, USA). The Gata4-small interfering RNAs sequence was 5 0 -GGCCUCUAUCACAAGAUGA-3 0 .
Transfection of Adeno-Associated Virus
Adeno-associated virus subtype 9 containing Gata4-shRNA (AAV9-Gata4-shRNA) and negative-control vectors (AAV9-NC) were purchased from Genepharma (Shanghai, China). The Gata4-shRNA sequence was GGCCTCTATCACAAGATGA. The virus (8.0910 11 V.G/mouse) was injected via the tail vein 4 weeks before AMI surgery.
SA-b-gal Staining
In vitro, senescence b-Galactosidase Staining Kit (CST, #9860) was utilized according to the instruction manual. Fresh heart tissues were washed in PBS 3 times and incubated in artificial SA-b-gal staining solution overnight at 37°C. After that step, the hearts were placed in OCT compound (SAKURA, 4583) and cut into 10-lm sections to take pictures with bright-field microscopy (Olympics, IX73+DP73).
CCN1 Administration and Cell Viability Assay
Recombinant human CCN1 protein was purchased from Proteintech, China. In vitro recombinant CCN1 protein diluted in DMEM medium was used, while BSA served as the control. The cell viability assay was performed with Cell Counting Kit-8 (MCE, USA) according to the manufacturer's instructions. CCN1 protein was diluted in saline solution and administered by daily tail vein injection from 2 weeks postinfarction to 4 weeks postinfarction.
Western Blotting
Tissue or cell lysates with the same protein content (assayed by the BCA method; Bio-Rad, CA) were prepared. Proteins were separated by 10% SDS-PAGE or 12% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore). The membranes were blocked for 1.5 hours in 3% milk and then incubated overnight at 4°C with primary antibodies, followed by horseradish peroxidase-conjugated rabbit antigoat (1:5000) or goat anti-rabbit immunoglobulin G (1:5000 or 1:10 000) for 2 hours at room temperature. The bands were scanned and detected by a standard enhanced chemiluminescence method with Chemiluminescent HRP Substrate (Millipore, WBKLS0100). ImageJ Software was used to quantitate the intensity of the bands.
Histochemical Staining and Analysis
The mice were euthanized at designated time points after the AMI procedure. The hearts were fixed with 10% formalin for 24 hours at room temperature before being embedded in paraffin for sectioning. Tissues were sectioned at 5 mm and underwent immunohistochemical staining as standard protocols. Images were captured using a microscope (Olympus, X41) and were analyzed by using Image-Pro Plus 6.0. Masson staining was performed in 3 sections and utilized to assess the fibrosis.
Echocardiography
An ultrasound machine (Vevo2100 imaging system) was used to assess mouse left ventricular diameter and function by the M-mode images of the parasternal long-and short-axis views. During the whole process, mice were anesthetized with isoflurane, and the heart rates were maintained at more than 450 beats per minute.
Measurement of Cardiac Troponin T
After 24 hours of infarction surgery, the cardiac Troponin T in the serum was detected with the ELISA kit (Cloud Clone, SEB820Mu) following the instructions. INK4a expression between human LV tissues with and without coronary plaques. ImageJ was used for immunohistochemical analysis. *P<0.05 vs LV tissues without plaques (n=4 for the control group and n=6 for the group with plaques). F, SA-b-gal staining in the right auricle from patients undergoing mitral valve replacement surgeries (as the control group) and coronary artery bypass graft (CABG) surgeries. G, Fold change of the SA-b-gal-positive cells between control and CABG right auricles. *P<0.05 vs control tissues (n=3 for control group and n=6 for CABG group).
Statistical Analysis
Results are reported as the meanAESEM. After checking the assumptions of normality, statistical significance was accomplished using an ANOVA test and unpaired Student t test unless specifically stated. P<0.05 is considered to be statistically significant.
Results

Senescence Biomarkers Accumulated in Ischemic Hearts
SA-ß-gal staining permits the identification of senescent cells in postinfarction tissues. As Figure 1A demonstrates, SA-ß-gal-positive senescent cells accumulated both in the infarct and border areas 4 weeks after AMI surgeries. Masson staining showed that the SA-ß-gal-positive senescent cells seemed colocalized with the cardiomyocytes in the border areas ( Figure 1A ). This conclusion was further confirmed by the observation that a-actin-positive cardiomyocytes showed increased senescence marker p16
Ink4a in the border zones ( Figure S1A ). In our previous study, we utilized Western blotting to observe a time-dependent increase of senescence biomarkers, including p53 and p16 Ink4a in postinfarction myocardium. 23 Histological analysis confirmed that senescence marker p16 INK4a increased as early as 1 day and lasted for 4 weeks after left anterior descending coronary artery ligation ( Figure 1B) . Additionally, another senescence marker p21 CIP1/WAF1 was upregulated, beginning at 1-week postinfarction and lasting for 4 weeks after left anterior descending coronary artery surgery ( Figure 1C ). Of interest, senescence phenotype was activated in human ischemic heart tissues. Compared with human LV without coronary plaques, p16
INK4a increased %5-fold in LV tissues with coronary plaques (Figure 1D and 1E) . Additionally, the number of SA-ß-gal-positive cells increased %4-fold in heart tissues from coronary artery bypass graft patients compared with those from the control group ( Figure 1F and 1G, Figure S1B ). Furthermore, the a-actin-positive cardiomyocytes displayed upregulated senescence marker p16 INK4a in the heart tissues of coronary artery bypass graft patients ( Figure S1C and S1D). In other cardiac injury models, p16
INK4a also increased in streptozocin-induced rat hearts ( Figure S1E ) and the isoproterenol-treated rat hearts ( Figure S1F ).
GATA4-Dependent SASP Was Activated in Ischemia-Induced Senescent Cardiomyocytes
GATA4 was identified as the key mediator of SASP, which was activated by damaged DNA and able to influence multiple tissue-remodeling in a context-dependent manner. 12 In this study, we observed increased cardiomyocytes with damaged DNA based on c-H2AX immunostaining in postinfarction hearts ( Figure 2A ). As the downstream of damaged DNA, GATA4 was raised accordingly in post-AMI myocardium in the border areas ( Figure 2B ). To examine the effects of GATA4 inhibition on activated SASP, we utilized AAV9-Gata4-shRNA to achieve 50% GATA4 knockdown in vivo ( Figure 2C , Figure S2A ). Western blotting revealed that the SASP was effectively activated after AMI because selected SASP factors including IL-1a, TNF-a, monocyte chemotactic protein-1, and CCN1 were significantly increased after AMI ( Figure 2D through 2H). Compared with negative-control vectors (NC), AAV9-Gata4-shRNA significantly downregulated activated SASP factors IL-1a, TNF-a, and CCN1 ( Figure 2D through  2H) . Taken together, these findings indicate that GATA4 accumulates in the damaged DNA after AMI and is required for postinfarction SASP activation.
GATA4 Inhibition Aggravated Postinfarction Heart Dysfunction and Fibrosis
Echocardiography was utilized to assess heart function after mice were transfected with AAV9-Gata4-shRNA or negative control vectors. As data demonstrate, the impaired LV ejection fraction and fractional shortening were further deteriorated by AAV9-Gata4-shRNA 4 weeks after left anterior descending coronary artery ligation ( Figure 3A and 3B), although there is no significance in the cardiac Troponin T levels in serum 24 hours postinfarct induction ( Figure S2B) . Furthermore, the LV posterior wall at end-systolic (LVPM; s) became thinner after AAV9-Gata4-shRNA administration ( Figure 3C) . Furthermore, the post-AMI hearts displayed LV dilatation as left ventricular endsystolic (LVID; s), end-diastolic internal diameter (LVID; d), and left ventricular end-diastolic volume (LV Vol; d) were significantly increased. The dilated phenotype was further exaggerated by GATA4 knockdown (Figure 3D through 3F) . In addition, the collagen content was upregulated from 60% to 80% of the total lesion areas by Masson staining (Figure 3G and 3H) . These data suggested that GATA4 was required for post-AMI heart recovery, and GATA4-mediated SASP exerted protective effects in post-AMI functional restoration. Figure 5 . CCN1 administration reduced myofibroblast viability and preserved heart function in Gata4-shRNA. A, Time-dependent effects of exogenous CCN1 (5 lg/mL) on myofibroblast viability by the CCK8 assay and repeated measures analysis was used to analyze the statistics. *P<0.05 vs 0 hour (n=5). B, Dose-dependent effects of CCN1 administration on myofibroblast vitality, detected by CCK8 assay. *P<0.05 vs 0 lg/mL (n=3). C, Strategy of the CCN1 rescue experiment. D and E, Echocardiography showed that CCN1 rescued the impaired LVEF (D) and FS (E) in Gata4-shRNA mice after AMI, while BSA treatment had no effect. *P<0.05 vs BSA group (n=6 for BSA group and n=7 for CCN1 group). AMI indicates acute myocardial infarction; BSA, bovine serum albumin; CCN1, CCN family member 1; EF, ejection fraction; FS, fractional shortening; LVEF, left ventricular ejection fraction.
CCN1 Rescued the Deleterious Effect of AAV9-Gata4-shRNA
We isolated and cultured neonatal rat cardiac myocytes to recapitulate postinfarction cardiomyocyte senescence in vitro. The immunofluorescence staining verified >80% of cells as a-actin-positive cardiomyocytes ( Figure S3 ). The senescence cell model was successfully established and was characterized by increased SA-b-gal-positive cells ( Figure 4A and 4B) . Similarly, the number of p16-positive cardiomyocytes increased after hypoxia ( Figure 4C and 4D) . Western blotting confirmed a time-dependent GATA4 protein increase in vitro ( Figure 4E ).
Of note, CCN1 has antifibrosis and cardiac protective potential among the activated SASP factors. Consistent with the in vivo observation that GATA4 was required for SASP activation ( Figure 2D and 2H) , Gata4-small interfering RNAs significantly suppressed CCN1 increases in both cell extracts and supernatants ( Figure 4F and 4G) . The CCK8 assay demonstrated that exogenous CCN1 protein negatively regulated fibroblast viability in a time-dependent and dosedependent pattern ( Figure 5A and 5B), corroborating previous reports that CCN1 directly downregulates fibroblast viability. 13, 14 Next, we re-introduced recombinant CCN1
protein to Gata4-shRNA mice by tail vein injection ( Figure 5C ), which caused more than a 3-fold increase of CCN1 in the heart tissues 24 hours after injection ( Figure S4 ). Compared with the BSA control group, CCN1 administration effectively reserved cardiac function 4 weeks after surgery ( Figure 5D and 5E). Taken together, these results suggest that GATA4-related CCN1 secretion participates in the heart function preservation of senescent cardiomyocytes.
ALDH2 Deficiency Blocked GATA4-CCN1 Pathway After AMI
We have a longstanding interest in the effects of ALDH2 and the cardiovascular system. [24] [25] [26] We previously found that ALDH2 activation by Alda-1 reduced the senescence phenotype in H9C2 cell lines. 23 Compared with wild-type mice,
with unaltered GATA4 and CCN1 expression levels after AMI, via Western blotting ( Figure 6A and 6B ). In addition, immunofluorescence staining indicated a reduction of CCN1 in p16 INK4a -positive senescent after AMI, compared with wildtype mice ( Figure 6C ). Functionally, GATA4 inhibition was observed to alleviate the impaired heart function as ejection fraction was statistically restored after AMI ( Figure 6D ).
Discussion
The present investigation is a continuation and extension of our earlier work that provided primary evidence on the activated senescence-associated phenotype after AMI. 26 In Figure 6 . ALDH2 deficiency impaired GATA4-CCN1-fibrosis pathway after AMI. this study, we determined that myocardial senescence is involved in multiple rodent heart diseases and human ischemic heart tissues. We verified that cardiomyocyte senescence was essential to postinfarction heart function via the GATA4-CCN1 pathway to exert antifibrosis effects. This discovery is in keeping with recent findings that pro-senescence therapies can be beneficial to the tissue and organ. 27 We combined several senescence markers to confirm the activated senescence phenotype in mouse and human disease models, including immunostaining of p16
Ink4a and p21 CIP1/ WAF1 , as well as SA-b-gal staining. Masson staining and dual immunofluorescence staining were included to establish that cardiomyocytes underwent senescence after hypoxia. Regarding its functional role, SASP was important for senescence to participate in tissue remodeling that was maintained by transcription factor GATA4. 12 In this study, we noticed an increase of GATA4 accumulation in the border zones, where the senescence markers are also highly expressed. Moreover, AAV9-Gata4-shRNA sustainably downregulated SASP secretion after AMI, as selected SASP factors IL-1a, monocyte chemotactic protein-1, TNF-a, and CCN1 were all reduced by GATA4-shRNA. This observation was consistent with Kang's report, suggesting that GATA4 not only mediates SASP in vitro but also in vivo. 12 In this study, we further identified that CCN1
mediates the protective role of cardiomyocyte senescence and SASP, indicating that SASP influences tissue remodeling in a context-dependent manner. 12 However, we still do not know the functional roles of the other SASP components, such as IL-1a and TNF-a. After 4 weeks of infarction, the ejection fraction was significantly decreased in the GATA4-shRNA transfected group. This decrease may result from increased "LVID" and "LV vol," which showed increased trend without statistical significance because of the inherent variation among animals. In our study, we observed that Gata4-shRNA reserved the post-AMI function 1 day after AMI and before CCN1 increase ( Figure S5A and S5B). By contrast, when CCN1 was significantly increased 4 weeks after AMI ( Figure 2D and 2H), GATA4 knockdown was detrimental to heart function. The working model is summarized in Figure 7 : senescence causes senescence-related cellular dysfunction directly; senescencerelated CCN1 secretion prevented pathological fibrosis to protect hearts. Specifically, there is a balance between senescence-related dysfunction and CCN1-mediated protective effects in the heart. The results from ALDH2 knockout mice also support the dual roles of cardiomyocyte senescence. In knockout mice, it was noticed that CCN1 was unaltered in the border heart tissues, and even decreased in p16 INK4a -positive cells. This observation was different from that obtained with the wild-type and caused the different outcome of GATA4 inhibition. Understanding the diverse roles and mechanisms of cardiomyocyte senescence helps develop new drugs and determine appropriate clinical strategies. Therefore, regulating the GATA4-related pathway is promising for improving cardiac remodeling in ALDH2 mutant-type people or in conditions of ALDH2 inactivation, such as nitrate tolerance and hyperglycemia. remodeling. In summary, post-AMI cardiomyocyte senescence involved in heart remodeling via the balance between direct senescence-related dysfunction and antifibrosis effects of GATA4-dependent CCN1 secretion.
Red lines indicate negative effects to heart recovery and green lines for protective roles on the heart. AMI indicates acute myocardial infarction; CCN1, CCN family member 1; GATA4, GATA-binding factor 4.
In this study, we verified that GATA4 inhibition deteriorated the post-AMI heart function resulting from downregulated CCN1 secretion. However, whether CCN1 is a direct or indirect transcriptional target of GATA4 remains unknown, and further experimental studies are needed. In addition, it is established that senescence and SASP affect tissue and organ function in a context-dependent manner. 12, 28 For example, CCN1 is essential to the proliferation of certain cell types. 29, 30 By contrast, CCN1
can induce cell apoptosis and senescence during cancer development and fibrosis. In our opinion, this situation may be because of the crosstalk between CCN1 and other factors or the micro-environment, which need further study. Thus, the utility of anti-CCN1 therapy in fibrosis and cancer have to be very carefully considered. In summary, we uncovered an activated senescence phenotype in post-AMI and other heart disease models. This phenotype was observed to influence post-AMI heart remodeling via a GATA4-CCN1-fibrosis pathway.
